Abstract High-resolution Fourier transform ion cyclotron resonance (FTICR) mass spectrometry was developed and applied to the proteome analysis of bronchoalveolar lavage fluid (BALF) from a patient with pulmonary alveolar proteinosis. With use of 1-D and 2-D gel electrophoresis, surfactant protein A (SP-A) and other surfactant-related lung alveolar proteins were efficiently separated and identified by matrix-assisted laser desorption/ionization FTICR mass spectrometry . Low molecular mass BALF proteins were separated using a gradient 2-D gel. An efficient extraction/ precipitation system was developed and used for the enrichment of surfactant proteins. The result of the BALF proteome analysis show the presence of several isoforms of SP-A, in which an N-non-glycosylierte form and several proline hydroxylations were identified. Furthermore, a number of protein spots were found to contain a mixture of proteins unresolved by 2-D gel electrophoresis, illustrating the feasibility of high-resolution mass spectrometry to provide identifications of proteins that remain unseparated in 2-D gels even upon extended pH gradients.
Introduction
Pulmonary alveolar proteinosis (PAP) is a syndrome characterized by intra-alveolar accumulation of surfactant proteins A B, C and D (SP-A, SP-B, SP-C and SP-D), and precursors of SP-B [1] [2] [3] [4] [5] . The idiopathic form in adults is caused by auto-antibodies directed against granulocytemacrophage colony stimulating factor [6] . In neonates and children several mechanisms leading to intra-alveolar surfactant accumulation have been shown. These include mutations of the genes of SP-B [7] and SP-C [8, 9] . The subject of this study was a child with SP-C gene mutation, which is associated with combined histological patterns of nonspecific interstitial pneumonia and PAP [10] .
Over the last two decades, fiberoptic bronchoscopy withobtaining epithelial fluid that covers the airways and alveoli. Proteome analysis of bronchoalveolar lavage fluid (BALF) from lung disease patients, such as interstitial lung disease, asthma, chronic obstructive pulmonary disease, acute respiratory distress syndrome and PAP, has been a powerful tool for the identification of potential markers of lung diseases [11] [12] [13] [14] [15] [16] [17] . The application of high-resolution Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) in combination with gel-electrophoretic separation provided the efficient identification of proteins with medium and low abundance [18] . The accurate mass determination obtained by FTICR-MS allows the use of substantially lower tolerance thresholds during a database search, which greatly improves the selectivity of protein identification that provides only low sequence coverage [19] [20] [21] [22] [23] . In a recent study two nonglycosylated SP-A degradation products were identified by FTICR-MS proteome analysis [18] . The previous data suggested proteolytic degradation of both lung surfactant proteins SP-A and SP-D associated with lung diseases [24] [25] [26] ; degraded SP-A had lost calcium-dependent lectin properties, i.e., loss of binding to mannose and ability to agglutinate bacteria [27] .
In this study 1-D gel electrophoresis and 2-D gel electrophoresis were performed in the proteome analysis of BALF from a pulmonary proteinosis patient. We have developed an effective combination of a preseparation step using a three-phase extraction/precipitation system for enrichment of surfactant proteins with 1-D electrophoretic separation, and subsequent protein identification by FTICR-MS. The high resolution and mass accuracy of FTICR-MS proteome analysis enabled the identification of a series of protein bands corresponding to surfactant proteins as well as serum proteins following electrophoretic separation. In particular, several SP-A forms including nonglycosylated intact SP-A were identified. Furthermore, the results of this study show that FTICR-MS provided direct, unequivocal identification of protein mixtures from gel bands that were unresolved by electrophoretic separation.
Materials and methods
Materials and preparation of BALF Bronchoalveolar fluid was obtained using standardized protocols as previously described [10] . All samples were obtained according to approved protocols by the hospital's review board, and upon informed consent of patients and parents. Immediately after the lavage procedure, fresh BALF was centrifuged (200,000 g for 10 min). Protein concentration was determined according to the protocol of Bradford [28] . The cell-free supernatant was prepared for electrophoresis using three different methods with all solvents and reagents of highest available purity:
A: BALF containing 250 μg protein was lyophilized, dissolved in 100 μl Milli-Q water and precipitated with a mixture of chloroform/methanol (1:4, v:v [29] and were scanned using a Bio-Rad GS-710 calibrated imaging densitometer. 2-D electrophoretic separation with a gradient [bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane (Bis-Tris) gel was carried out on IPG strips, pH 3-10. The seconddimensional separation was performed on a gradient of 12-14% Bis-Tris gel, and proteins were visualized by silver staining [30] .
1-D gel electrophoresis was carried out with a NuPAGE Novex Bis-Tris gel system from Invitrogen, in particular the 10% Bis-Tris gel (1.0 mm, ten wells; cat. no. NP0301BOX) with 2-morpholinoethanesulfonic acid running buffer (20× concentrate; cat. no. NP0002), lithium dodecyl sulfate (LDS) sample buffer (4× concentrate; cat. no. NP0008), and sample reducing agent (10× concentrate; cat. no. NP0009). The sample was lyophilized, resolubilized in 25 μl 1× sample buffer (65% H 2 O, 25% LDS sample buffer, 10% reducing agent), and heated for 10 min at 70°C. Samples were then applied to the wells in the gel. The gel was run in a NuPAGE XCell minicell chamber at a constant voltage of 200 V for 35-40 min, after which the gels were taken out and stained with colloidal Coomassie blue.
In-gel digestion and peptide extraction Gel bands were excised accurately to minimize excess gel material into 1-mm cubes, dehydrated with acetonitrile, and dried in a Speed Vac centrifuge. For Coomassie blue stained gel, the gel pieces were destained using acetonitrile/ H 2 O (3:2) and 50 mM ammonium bicarbonate; for silverstained gel, gel pieces were destained in 30 mM K 3 and incubated for 45 min at 4°C. After pulling off the reaction solution, 10 μl of buffer without protease was added and the reaction continued for 20 h at 37°C. The solution was then lyophilized and desalted using C18-ZipTip (Millipore, USA).
Matrix-assisted laser desorption/ionization-FTICR-MS
Mass-spectrometric analysis was performed with a Bruker APEX II FTICR instrument equipped with an actively shielded 7 T superconducting magnet, a cylindrical infinity ion cyclotron resonance analyzer cell, and an external Scout 100 fully automated X-Y target stage matrix-assisted laser desorption/ionization (MALDI) source with pulsed collision gas (Bruker Daltonik, Bremen, Germany). The pulsed nitrogen laser was operated at 337 nm, and ions were directly desorbed into a hexapole ion guide situated 1 mm from the laser target [20] . The device for pulsing collision gas in direct proximity to the laser target provides cooling of the ions, which have a kinetic energy spread of several electronvolts when produced by the MALDI process. These ions are trapped in the hexapole, where positive potentials at the laser target and at an extraction plate help trap ions along the longitudinal axis. After a predefined trapping time, the voltage of the extraction plate is reversed and the trapped ions are extracted for transmission to the ion cyclotron resonance cell. Accumulation of ions from multiple laser shots in the hexapole before mass-spectrometric analysis increases sensitivity [20, 23] . Ions generated by 20 laser shots were accumulated in the hexapole for 0.5-1 s at 30 V and extracted at −15 V into the analyzer cell. The ion trapping potential was 1.0-1.2 V. Mass spectra were acquired in the mass range from m/z 500 to m/z 3,500 and processed using sine bell apodization. The mass spectrometer was calibrated externally within an m/z range between 500 and 4,000 using a standard peptide mixture. A 50 mg ml −1 solution of 2,5-dihydroxybenzoic acid (Aldrich, Germany) in acetonitrile/0.1 % aqueous trifluoroacetic acid (2:1) was used as the matrix. A mixture of 0.5 μl matrix solution and 0.5 μl sample solution was prepared, applied on the stainless steel target and allowed to dry at room temperature.
Database search
Monoisotopic masses of all singly charged ions from the MALDI-FTICR mass spectra were directly used for database search procedures using Mascot peptide mass fingerprinting search engine [32] or ProFound [33] . The database employed was NCBInr, a compilation of several databases, including Swiss-Prot, PIR, PRF, PDB and GenBank CDS translation. Criteria for protein identification were three or more proteolytic peptides identified with mass accuracies of less than 8 ppm. 
Results and discussion
Gel-electrophoretic separation of lung alveolar proteins from a pulmonary proteinosis patient BALF containing 250 μg protein (see "Materials and preparation of BALF," method 1) was reduced, alkylated and separated by 2-D PAGE using linear pH gradient 3-10 strips, and visualized by Coomassie blue staining (Fig. 1a) . In order to increase the resolution of 2-D separations, an IPG strip with pH gradient 4-7 was selected as a second 2-D gel with the same sample (Fig. 1b) . The resolution was clearly increased by using the narrow-range IPG strip. The protein spots were excised, destained and digested with trypsin, and the proteolytic peptide mixtures were analyzed by MALDI-FTICR-MS. Monoisotopic masses of singly charged ions from the MALDI-MS data were subjected to a database search using Mascot peptide fingerprinting and the ProFound search engines. With the MALDI-FTICR-MS procedure employed, mass determination accuracies were approximately 5 ppm at a mass resolution of 100,000. The data of the tryptic peptides identified by FTICR-MS are summarized in Table 1 . Compared with constant-percentage gels, gradient separation gels have been become an efficient approach for separation of a wide range of proteins with different molecular masses. Low molecular mass proteins are often Fig. 1a ; pI 4.8, M r 34 kDa). Peptides containing one, two and four hydroxyprolines are labeled difficult to separate by 2-D gel electrophoresis. In order to separate the proteins from a PAP patient in the low molecular mass region, the sample was prepared using a Microcon YM-3 membrane (see "Materials and preparation of BALF," method 2) and gradient 12-14% 2-D electrophoretic separation was performed. Desalting and concentration on the membrane due to 2-D electrophoretic separation applied in our previous work [18] showed minimal loss of protein and good gel performance using 5-100 μg protein. BALF containing 80 μg protein was reduced, alkylated, separated by 2-D gel electrophoresis and visualized by silver staining (Fig. 1c) . The marked protein spots (Fig. 1c) were destained, digested with trypsin, and analyzed by FTICR-MS. Figure 2 shows the FTICR mass spectrum and the ProFound search result for protein spot 78 (pI 7.8, M r 16 kDa). The identification was obtained by eight peptides with a mass accuracy of less than 5 ppm. Hemoglobin α chain, hemoglobin β chain, profilin-1, calgranulin A, calgranulin B, transthyretin, serum albumin fragment and Clara cell phospholipid binding protein were efficiently separated by gradient 2-D gel electrophoresis and unambiguously identified by FTICR-MS (Table 2) . For the isolation of surfactant proteins, a three-phase extraction/precipitation system was developed and used for BALF from PAP patients (see "Materials and preparation of BALF," method 3). Surfactant proteins precipitate partially under these conditions, while the hydrophilic proteins dissolved in the aqueous phase and the hydrophobic proteins dissolved in the organic phase. This method was very effective for the isolation of low-abundance lipophilic proteins with intermediate hydrophobicity not soluble in the aqueous phase after dissolution of the lung surfactant lipidprotein complex and removing of phospholipids and not soluble in the organic phase, such as nonglycosylated SP-A, which could not be directly identified after 2-D gel electrophoresis. Following extraction, these proteins were separated on a 10% Bis-Tris gel. The protein bands (Fig. 1d) were destained, digested and analyzed by FTICR-MS. The proteins identified by MALDI-FTICR-MS are summarized in Table 3 .
Characterization of structural modifications in SP-A Seven isoforms of intact SP-A in a mass range from 32 to 38 kDa were identified from 2-D gels at gradient pH 3-10 and 4-7. Several modifications by hydroxyproline were directly identified. collagen-like domain of SP-A containing one and two hydroxyproline residues, in agreement with previous report showed that Pro77 was fully hydroxylated, while Pro80 was partially hydroxylated [34] . These identifications were confirmed by the ions at m/z 3,205.6577 and m/z 3,221.6772, due to the sequence (75-102) containing hydroxylated Pro77 and Pro80. Furthermore, the ion at m/z 2080.9808 was due to the peptide in which all four proline residues at positions 10, 13, 16 and 22 were found SP-A within the sequence (200-216) revealed the presence of Arg199, thus providing a cleavage site by trypsin owing to the single nucleotide polymorphism Arg199Trp. This mutation is an important disease marker. Trp199 was reported in idiopathic pulmonary fibrosis patients [35] . A change from the large and basic arginine to the large and aromatic tryptophan alters protein behaviour owing to truncation by oxidation and may serve as a marker to identify subgroups of patients of risk. The absence of this specific mutation in the patient can exclude SP-A degradation caused by Arg199Trp mutation. Tryptic fragments of SP-A characterized by PAP patients are summarized in Table 4 .
We have shown previously [18] that SP-A from a BALF sample from a patient was N-glycosylated at Asn187. The heterogeneity of the SP-A isoforms observed by 2-D gel electrophoresis was explained by microheterogeneity of glycan structures. The peptide fragment at m/z 1,736.77 appearing after treatment with PNGase F was assigned to the Asn187-deamidated peptide 180 ; and with use of FTICR-MS, this peptide was Fig. 1a) . Identified sequence parts of albumin in the gel spot at pI 6.9, M r 28 kDa were assigned to two different fragments (Table 1) : N-terminal fragment (residues 45-184) and C-terminal fragment (residues 387-545)
clearly resolved from the nonglycosylated peptide at m/z 1,735.77 [36] . The capability of FTICR-MS to differentiate between nonglycosylated and deamidated sites [22, [37] [38] [39] [40] was used to identify nonglycosylated forms of intact SP-A in PAP patient samples. Intact SP-A was identified in the most intense band (M r 35 kDa) after 1-D electrophoretic separation of the surfactant-enriched BALF protein fraction, illustrating the three-phase extraction/precipitation for the isolation of SP-A. Figure 4 shows the FTICR mass spectrum of two forms of SP-A (M r 35 and 27 kDa) after reduction and in-gel tryptic digestion. In addition to the expected peptides, a new peak in the second form at m/z 1,735.7759 corresponded to the nonglycosylated peptide fragment 180 YSDGTPVNYTNWYR 193 (Δm = 3 ppm) (Fig. 4b) . Two nonglycosylated proteolytic fragments were found previously in this patient [18] . The presence of nonglycosylated intact SP-A and SP-A fragments suggests that glycosylation of SP-A is an important feature for the stability ofprotein, and thus non-glycosylated protein may be proteolytically degraded and removed from the lung surface. Additionally, FTICR-MS data clearly show that truncated SP-A found in the patient is a result of the lack in protein glycosylation and is not caused by degradation of an active intact SP-A.
Identification of protein mixtures from gel bands using high-resolution FTICR-MS
Owing to its high resolution and mass accuracy, FTICR-MS provides direct identification of proteins in complex biological mixtures, such as in tryptic digests from unseparated gel bands. Mass spectra of up to 128 scans were averaged, and in-source accumulations of the ions from up to 20 laser shots were used under collisional cooling of ions to increase the sensitivity without significant lost of mass accuracy. This procedure was found to be effective for the analysis of low-abundance proteins and provided the direct identification of protein mixtures. Several protein mixtures were unambiguously identified in this manner from unresolved gel bands (Tables 1-3) .
As an example, the 12-kDa gel band (Fig. 1d, band 86 ) was excised, destained and digested with trypsin. The tryptic peptides were extracted and identified by FTICR-MS using the monoisotopic peaks for the Mascot database engine at a mass accuracy of 8 ppm (Fig. 5) . Calgranulins A and B were identified in a spot by six peptides for calgranulin A (mass accuracy 4 ppm) by and six peptides for calgranulin B (mass accuracy 2 ppm). In addition, three peptides (m/z 994.5191, m/z 1,160.5863 and m/z 1,752.9618; mass accuracy 2 ppm) matched the N-terminal fragment of a-1-acid glycoprotein-1; two other peptides (m/z 730.3824 and m/z 971.5405; mass accuracy 1 ppm) were assigned to pregnancy-specific β-1-glycoprotein. The identification of the fragment of pregnancy-specific β-1-glycoprotein is not included in Table 3 because of the identification criteria (see "Materials and methods"). At the mass resolution (approximately 113,000) the two adjacent peaks with a mass difference of 50 ppm could be separated, one of which (m/z 971.4921) was identified as a tryptic fragment of calgranulin B (residues 86-93). High-resolution mass-spectrometric data showing the presence of small and highly modified proteins and protein fragments in the complex mixture are essential for characterization of lung diseases. In particularly, calgranulins are important disease markers. High levels of calgranulin A were observed in lung diseases such as sacroidosis, idiopathic pulmonary fibrosis and hypersensitivity pneumonitis [11] ; hence, its specific identification is of particularly importance in disease samples. In a second protein band (spot 87) a mixture of calgranulin B and hemoglobin β chain was identified, while protein band 101 was identified as a mixture of serum albumin and α-1-antitrypsin.
The resolution of a 2-D electrophoresis gel is frequently limited when wide pH range IPG strips are used. Even with narrow pH range IPG strips, proteins with similar physicalchemical properties may be difficult to separate. Therefore, the application of FTICR-MS, with high resolution and high mass accuracy, greatly facilitates the unequivocal identification of protein mixtures. A further example for protein mixture identification using FTICR-MS is protein spot 11 in Fig. 1a (Fig. 6 ). This spot was identified as a mixture of serum albumin and triosephosphate isomerase. Five peaks matched to triosephosphate isomerase (mass accuracy 4 ppm), while ten additional peaks matched serum albumin (mass accuracy 3 ppm). Since the molecular mass of this spot is 28 kDa, identified sequence parts of albumin (residues 45-545, M r 57 kDa) were assigned to two different fragments (Table 1) : N-terminal fragment (residues 45-184) and C-terminal fragment (residues 387-545). Furthermore, protein spots 14 ( Fig. 1a) and 52 (Fig. 1b) were identified to contain a mixture of apolipoprotein A-1 and glutathione S-transferase A; and three proteins were identified in spot 76 (Fig. 1c) : hemoglobin α chain, profilin-1 and hemoglobin β chain.
Conclusions
BALF, which contains a complex mixture of proteins, was analyzed by gel-electrophoretic methods followed by subsequent proteome analysis using high-resolution FTICR-MS combined with a database search to identify a series of specific proteins. With use of 2-D gel electrophoresis at pH 3-10 and pH 4-7 SP-A and other surfactantrelated lung alveolar proteins were identified, including several structure modifications. Several hydroxyproline modifications in the collagen-like domain of SP-A were directly identified. In most cases, the accurate mass determination allowed the use of low mass tolerance thresholds for database searches, and enabled the identification of proteins with a minimum number of peptides. With use of 12-14% gradient 2-D gels, the low molecular mass proteins were separated and identified by FTICR-MS. A three-phase extraction/precipitation surfactant-enrichment system was shown in combination with 1-D gel electrophoresis to be an effective method to separate and identify surfactant proteins. Because of its high resolution and mass accuracy, FTICR-MS provided rapid, direct and unambiguous identification of proteins and protein mixtures from 2-D gel bands, thus presenting an efficient approach for proteome analysis of biological samples that are difficult to separate or unfeasible for separation from biological material.
